Abstract The success of Halyomorpha halys (Stål) as an invasive species in temperate climates is partly due to its ability to survive winter in a state of reproductive diapause. In H. halys, the termination of juvenile hormone (JH) production by the corpora allata, in response to a decline in day length, leads to the initiation of diapause and suspension of reproductive activity. Results of this study showed that topical application of the JH analog pyriproxyfen at doses of 0.05-100 lg per insect resulted in the resumption of oocyte formation and oviposition in a dose-dependent manner, with the ED 50 estimated at 1.14 lg per insect. Eggs induced by pyriproxyfen application had significantly lower hatchability than control eggs. The indirect effects of host exposure to pyriproxyfen on the hymenopteran parasitoid Trissolcus japonicus (Ashmead), a candidate biological control agent of H. halys, were evaluated. When presented with eggs produced by pyriproxyfen-treated females, T. japonicus was observed ovipositing, but no adult parasitoids emerged from host eggs. Exposure to pyriproxyfen has the potential to lower the reproductive potential of H. halys populations by inducing the production of eggs with reduced viability during periods of low resource availability. The complete mortality of T. japonicus developing on pyriproxyfeninduced eggs suggests that insect growth regulators which interfere with host reproduction may exert a strong indirect effect on beneficial egg parasitoids, and may not be compatible with egg parasitoid biological control programs.
Introduction
Native to eastern Asia, Halyomorpha halys (Stål) (Hemiptera: Pentatomidae) has become an invasive pest of global concern following its introduction and rapid spread through North America and Europe (Hoebeke and Carter 2003; Wermelinger et al. 2008; Zhu et al. 2012; Haye et al. 2004) . Also known as the brown marmorated stink bug (BMSB), H. halys is a highly polyphagous pest, feeding on over 200 species of plants. In its native and invasive range, BMSB occurs as a pest of tree fruit, causing an estimated 36 million USD in losses to tree fruit producers in the midAtlantic region of the USA in 2010 (Leskey et al. 2012) .
Current control of BMSB in agricultural settings relies heavily on the use of broad spectrum pesticides (Nielsen et al. 2008) . The resumption of a calendar spray program for managing BMSB has disrupted established integrated pest management (IPM) programs, leading to an increase in the amount of pesticides being used by growers in the midAtlantic states (Blaauw et al. 2015) . As an alternative to chemical control, the use of classical biological control has been proposed as a means of managing BMSB populations, with the hymenopteran egg parasitoid Trissolcus japonicus (Ashmead) (Hymenoptera: Scelionidae) currently being evaluated as a candidate for release (Yang et al. 2009; Ogburn et al. 2016) . A sentinel egg mass study in Maryland detected the presence of T. japonicus in the landscape in 2014 (Talamas et al. 2015 ) with a subsequent detection occurring in 2015 in Washington State (Milnes et al. 2016 ).
In addition to its impact as an agricultural pest, H. halys also acts as a nuisance pest, with large numbers of shelterseeking bugs entering homes during cooler months and overwintering in a state of reproductive diapause (Inkley 2012) . For most temperate Pentatomidae, the environmental cue that initiates diapause is a decline in day length below a critical period (Saulich and Musolin 2012) . This decline in photoperiod leads to a cessation of juvenile hormone (JH) production by the corpora allata, which causes regression of the reproductive organs into a nonreproducing state. Conversely, an increase in day length triggers the resumption of JH production, leading to oogenesis and resumption of reproductive activity (Kotaki and Yagi 1989; Denlinger 2002) .
The insect growth regulator (IGR) class of pesticides includes a group of compounds that act as JH analogs. Commonly used members of this pesticide group include methoprene, hydroprene and pyriproxyfen. Of these three, pyriproxyfen has shown greater JH-like activity, likely due to a higher binding affinity for the JH receptor methoprenetolerant (Met) (Hatakoshi et al. 1991; Charles et al. 2011) . As a potent JH-agonist, pyriproxyfen has the potential to terminate the adult reproductive diapause of H. halys (Numata and Hidaka 1984; Amiri et al. 2012) . Our study aims to identify the effective doses of pyriproxyfen required for diapause termination in H. halys. In addition, pyriproxyfen treatment may lead to an increase in H. halys egg production with implications for hymenopteran egg parasitoids (Duan et al. 1995) . As such, we investigate the ability of both H. halys and T. japonicus to complete development on pyriproxyfen-induced eggs.
Materials and methods

Specimen sources and rearing
Specimens of H. halys were collected from Washington County, Maryland, in October of 2016 and held in mesh enclosures under a diapause maintaining photoperiod (10L:14D), and at 20-25°C, 60% RH for a 15 day period to allow acclimation prior to treatment. Immediately following chemical treatment, specimens were transferred to a clear plastic container (25 cm diameter, 8.9 cm height) with mesh screen ventilation for the remainder of the bioassay. Rearing containers were lined with cotton paper, and specimens were provided shelled raw peanuts, and water-soaked cotton, ad libitum. A stock colony of H. halys from the same collection site was reared separately under identical conditions with the exception of a long day photoperiod (16L:8D) so as to terminate diapause. The long day stock colony provided eggs for use as controls when establishing baseline H. halys hatchability and T. japonicus viability. Trissolcus japonicus specimens used in this study were sourced from a colony maintained at the Florida Department of Agriculture, Division of Plant Industry in Gainesville, Florida. Trissolcus japonicus were reared from H. halys eggs in a ten dram plastic vial provisioned with honey.
Pyriproxyfen bioassay
Treatments consisted of technical grade pyriproxyfen (Chem Service Inc., West Chester, PA, USA) in acetone solvent, prepared via serial dilution at concentrations of 2, 1, 0.1, 0.01, 0.001%, along with an acetone control. A micro-applicator was used to apply 5 ll of treatment solution to the ventral abdomen of CO 2 anesthetized adult H. halys. Applied doses were 0.05, 0.50, 5.00, 50.00 and 100.00 lg per insect. Each treatment consisted of four replicates of 20 female and 10 male specimens, and lasted 35 days from the date of pyriproxyfen application.
Oviposition and oocyte development dose-response
Cages were checked daily, and the total number of eggs was recorded for each day. To account for the effect of female mortality, the number of eggs produced by each treatment at each observation was divided by the number of females surviving at the time of observation. The number of eggs per female for each day of the experiment was then summed to produce the standardized egg total for each treatment replicate, referred to here as ''cumulative eggs per female.'' Mean oviposition was analyzed using a quasiPoisson generalized linear model selected due to the frequency of zero counts and heteroscedasticity. Mean hatchability was compared between treatments using leastsquares means Tukey's HSD.
Following the completion of the experiment, female H. halys were culled and dissected to determine the stage of oocyte development. A binary rating system was developed, based on the ovary grading system of Hodek (1971) in which the first and second stages of Hodek's schema were considered representative of the diapause condition. Ovaries in which ovarioles presented any sign of oocyte differentiation, ranging in appearance from a swollen vitellarium up to fully mature chorionated eggs, were rated as showing signs of oogenesis, and thus not in a state of diapause. The early stages of oocyte development, appearing as a visually distinct swelling and pigmentation of the ovarioles below the nutritive tip, were encountered rarely. Specimens that did not show signs of ovariole development were typified by having the widest point of each ovariole occurring at the nutritive tip (Saunders 1983) . Binomial response data were fitted to a two-parameter loglogistic function, following the expression f x ð Þ ¼ 1 1þexp(bðlogðxÞÀlogðeÞÞÞ where the inflection point (e) represents the ED 50 . Calculation of ED 10 , ED 50 , ED 90 and respective 95% confidence intervals was performed in R (R Core Team 2015) using the ''ED'' function of the drc package (Ritz and Streibig 2005) .
Halys hatchability and T. japonicus viability
To determine the effect of varying doses of pyriproxyfen on H. halys hatchability, a portion of each clutch was set aside in a ten dram tube and monitored daily. Control eggs from H. halys colony specimens held under a long day (16L:8D) photoperiod were reared under identical conditions to determine a baseline rate of hatchability for the experimental conditions. The number of emerged first instars was counted to determine the portion of hatch for each clutch tested. Results were fitted to a generalized linear model following a binomial (logit) regression. As each clutch served as a replicate composed of a varying number of eggs, the dependent variable was composed of the total number of successes and failures for each clutch tested, allowing clutch size to serve as a weight for each replicate in the regression model. Mean hatchability was compared between treatments using least-squares means Tukey's HSD.
To determine the ability of the parasitoid T. japonicus to complete development on eggs produced by pyriproxyfentreated adult H. halys, egg clutches from the bioassay study were exposed to a primigravid female T. japonicus in a ten dram tube and held in an environmental chamber (26°C, 60% RH, 16L:8D) for a minimum of 20 days, after which the number of emerged T. japonicus was counted and divided by the number of eggs provided to determine the percent viability. Signs of attempted parasitism, including observed oviposition behavior, darkening of egg clutches and parasitoid emergence/presence of dead parasitoid pupae, were observed in all clutches tested. As T. japonicus viability from treatment clutches was zero, only the mean control viability, standard error, and number of clutches per treatment were reported.
Results
Oviposition response
There was a consistent positive relationship between pyriproxyfen dose and the cumulative number of eggs per female (Fig. 1) . Treatments of 5, 50 and 100 lg pyriproxyfen initiated oviposition between 20 and 22 days following exposure. The lowest dosage that produced an oviposition response was 0.5 lg, which produced a single clutch of 25 eggs 34 days after treatment. A total of 1549 eggs were produced during the experimental period, with the highest dose treated, 100 lg, producing 691 eggs. Oocyte development dose-response
There was a strong dose-dependent relationship between pyriproxyfen treatment and incidence of diapause termination in female H. halys (Fig. 2 ). There was a clear visual distinction between ovaries in the diapause stage and ovaries showing signs of oocyte development, with diapausing ovaries maintaining a white/clear coloration and having the germarium/ nutritive tip as their widest point. Oocyte development was indicated by a swelling of the vitellarium in intermediate cases, and with fully formed, chorionated oocytes visible in more extreme cases (Fig. 3) . The calculated effective doses and 95% confidence intervals which induced oocyte development and diapause termination in 10, 50 and 90% of the study population were, respectively; ED 10 : 0. H. halys hatchability and T. japonicus viability Significant differences were observed in hatchability of treatment eggs and eggs produced from untreated H. Halys colony specimens, with a majority of clutches tested having 0% hatchability (Table 1) . Viability of T. japonicus in all eggs induced via pyriproxyfen application was zero, differing significantly from a parasitoid viability of 71.8% in eggs from insects reared under long day length conditions (Table 1 ). All egg clutches presented to parasitoids showed a combination of the three signs of attempted parasitism (oviposition behavior, darkened eggs, emerged adult parasitoids/unemerged parasitoid pupae), however, the possibility that parasitoids failed to oviposit on individual eggs within a clutch could not be ruled out. Following dissection of eggs parasitized by T. japonicus, we observed that parasitoid development had frequently proceeded up to the pupal stage (Fig. 4) .
Discussion
In most Pentatomidae studied, including H. halys, diapause is imaginal and facultative, with photoperiod providing the cue for modulation of JH production by the corpora allata (Saulich and Musolin 2012) . The ability of JH to relay photoperiod information and regulate the genes involved in reproduction has been studied in the linden bug, Pyrrhocoris apterus (L.) (Heteroptera: Pyrrhocoridae). Juvenile hormone induced reproductive activity in adult P. apterus by binding to the JH receptor Met, which, in concert with the circadian proteins clock and cycle, upregulated expression of Par domain protein 1 isoform 1 (Pdp1 iso1 ) and downstream reproduction genes while simultaneously suppressing Cry2 and downstream diapause genes. The absence of JH led to dominant expression of Cry 2 over Pdp1 iso1 , and conversely, diapause-associated genes were expressed (Bajgar et al. 2013b ). Upregulation of Pdp1 iso1 and termination of diapause were also observed following exogenous application of the JH analog methoprene (Bajgar et al. 2013a) . Pyriproxyfen has high binding affinity to the JH receptor Met (Charles et al. 2011 ) and likely interacts with the JH-diapause regulating pathway in a similar manner as both JH and methoprene. Our results show that the juvenile hormone analog pyriproxyfen has the ability to induce oocyte development in diapausing adult H. halys, leading to oviposition of eggs with significantly reduced hatchability. The disruption of JH regulation can alter the normal timing of Pentatomidae reproduction when applied during periods of diapause transition. In the temperate USA, H. halys enters diapause when the photoperiod drops below a critical period of around 14 h, corresponding with the onset of cooler weather (Watanabe 1979; Nielsen and Hamilton 2009) . Pyriproxyfen applications made during this time period may prolong the reproductive activity of H. halys, causing oviposition of eggs when resources are low and environmental conditions are not conducive for nymphal survival. An increase in winter mortality from the expenditure of stored energy reserves during an extended reproductive period is also likely to occur (Hahn and Denlinger 2011) . In the spring, diapausing H. halys exit their hibernaria as temperatures warm, with a lag period between spring emergence and the resumption of reproductive activity (Nielsen and Hamilton 2009) . During this lag period, adults begin the reconstitution of their reproductive organs, with feeding required to meet their energetic demands. Exposure to pyriproxyfen during the early spring can accelerate the reconstitution of the ovaries and resumption of oogenesis and oviposition. Our study suggests that the eggs induced by pyriproxyfen exposure will have lower hatch rates, and are unlikely to contribute to a population increase.
While more direct effects of pesticides on parasitoids, either by direct pesticide application to the parasitoid or to its host, have been well studied (Varma and Singh 1987; Rosenheim and Hoy 1988; Saber et al. 2005; Rahat et al. 2005; Stanley and Preetha 2016) , the present study is, to our knowledge, the first to show significant indirect effects to an egg parasitoid when the host species is treated with pesticides prior to both oogenesis and oviposition. The ultimate cause of the observed low H. halys hatchability and complete T. japonicus mortality remains unclear. One possibility is the vertical transmission of pyriproxyfen from the treated parent to the egg. Application of pyriproxyfen to adult Sarcophaga ruficornis (F.) (Diptera: Sarcophagidae) resulted in significant larval mortality, suggesting vertical transmission of pyriproxyfen from adult to offspring is possible (Singh and Kumar 2015) . Development of T. japonicus frequently progressed up to the pupal stage, Fig. 4 Trissolcus japonicus pupa. When reared on pyriproxyfeninduced H. halys eggs, T. japonicus ceased development at the pupal stage, with no pupal to adult emergence observed as evidenced by dissections of unhatched eggs, mirroring observations in other hymenoptera that have shown JH analogs interfering with the pupal-adult transformation (Hsiao and Hsiao 1969) . The potential for metabolism of pyriproxyfen during the 20-34-day period prior to oviposition, and the lack of a dose-dependent response in H. halys hatchability, reduces, but does not rule-out, the likelihood that vertically transmitted pyriproxyfen acted directly on the developing parasitoids. Future studies designed to detect the presence of pyriproxyfen and its associated metabolites from within the yolk of pyriproxyfen-induced eggs will provide more conclusive evidence regarding this potential mode of exposure. An alternative explanation for the observed T. japonicus mortality is that pyriproxyfen exposure leads to improper oocyte formation or insufficient provisioning of nutrients into the egg by the host, leading to partial, but incomplete development of both H. halys and T. japonicus. In Heteroptera, JH is the primary hormone modulating vitellogenesis (Davey 1997) . Pyriproxyfen treatment may have inhibited normal endocrine regulation of vitellogenesis via its high JH-receptor-binding affinity, or by initiating vitellogenesis without adequate nutrition or ecdysteroid titer (Bownes 1989; Davey 1997) . Evidence suggests that other Trissolcus species are sensitive to host egg resource availability, with an increase in body size, fecundity and longevity associated with larger host eggs (Arakawa et al. 2004 ). In addition to needing sufficient yolk protein for food, there is evidence that low molecular weight host chemicals are a necessary component in parasitoid development (Nettles 1990; Cônsoli et al. 2001) . When reared on artificial diet lacking the necessary host factors, Trissolcus basalis (Wollaston) failed to develop beyond pupation, resembling what was observed in the present study (Volkoff et al. 1992) .
The failure of T. japonicus to complete development on pyriproxyfen-induced eggs is particularly concerning. IGR compounds such as pyriproxyfen are touted as being ''safe on beneficials'' and are frequently recommended in IPM programs (Ishaaya and Horowitz 1992; Medina et al. 2003) . While direct acute mortality to beneficial insects is lower in IGR compounds when compared to insect neurotoxins (Delbeke et al. 1997) , pyriproxyfen-induced eggs can serve as a dead-end for parasitoid populations, preventing the production of the next generation. If T. japonicus is to succeed as a biological control agent of H. halys, pest management practices must be developed that supports it's establishment (El-Wakeil et al. 2013; Stanley and Preetha 2016) and take into consideration the indirect and sublethal effects of pesticides on parasitoid populations (Desneux et al. 2007) . To this end, further investigations into the indirect effects of host exposure to IGR compounds on parasitoid development, including the ecological impacts to parasitoid populations in the field, are needed.
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